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Abstract
Within the Macroscelidea 15 species of elephant-shrews are recognized, of which nine





) is the only strictly endemic South African elephant-shrew species. Recent distri-




 is continuously distributed from Namaqualand in the
Western Cape Province to Port Elizabeth in the Eastern Cape Province. Molecular




 gene and variable control region indicate
significant substructure within the Cape rock elephant-shrew across its distribution. Our
data unequivocally showed the presence of a northern Namaqua and central Fynbos clade
with four evolutionary lineages identified within the latter. The geographical delimitation
of the northern and central clades corresponds closely with patterns reported for other rock-
dwelling vertebrate species, indicating a shared biogeographical history for these taxa in
South Africa. A coalescent method revealed the effects of ancestral polymorphism in shap-
ing the Namaqua and Fynbos populations since their divergence ~1.7 million years ago.
Furthermore, our analyses uncovered a distinct Karoo lineage(s) that does not correspond
to any of the previously described and/or currently recognized species, and we therefore





affinities of this clade were examined by sequencing corresponding regions from the type




. Our results reveal the morphological misidentification of one of these types,
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The spatial distribution of genetic variation within species
is, among other factors, determined by life history chara-
cteristics that include habitat choice, dispersal capabilities
and behavioural attributes. Information pertaining to the
phylogeographical structure of species occupying rocky
habitats, particularly in Southern Africa, is limited. Intui-
tively, however, one would expect these rock-dwelling
species to be characterized by strong genetic partitioning
as a result of limited dispersal capabilities and patchiness
of suitable habitat. Indeed, previous studies have reported
distinct evolutionary lineages for rock-dwelling southern










; Matthee & Flemming 2002). In an attempt to
examine the processes underpinning the population stru-
cture in species occupying this particular habitat type,
and to look for commonality of patterns across distinct
evolutionary lineages that may be indicative of historical
biogeographical barriers, and hence of importance in con-
servation planning, we determined the phylogeographical
population structure of a South African endemic rock
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. Given that this
species is similarly confined to rocky habitat with sparse
vegetation, we reasoned that the Cape rock elephant-shrew
may prove a useful index species in our search for congruent
phylogeographical patterns in rock-dwelling taxa.








) from the Olifants
River, presumably near the present day settlement of
Oudsthoorn (33.3S 22.2E) in the Western Cape of South



















 thereby extending the geographical distribution
to include two geographically isolated areas — one in the
northern parts of the Western Cape, and the other in the
Eastern Cape of South Africa (Fig. 1a, b). However, more
extensive sampling revealed this supposedly disjunct
pattern to be due to a sampling artefact (see also Skinner &
Chimimba 2005), with the species exhibiting a continuous
distribution that includes the Succulent Karoo, Nama Karoo
and Fynbos vegetation zones of South Africa (Fig. 1b, c;
see Low & Rebelo 1996 for vegetation zone data).





blematic largely due to poorly defined distinguishing




species, which is exacerbated by an overlap in their respec-























elephant-shrew) occur in sympatry in the Eastern Cape




is most commonly identified by dental characteristics,
Rautenbach & Nel (1980) noted that these vary considerably
within the Western Cape Province populations.
Little is known about the basic biology of the Cape rock
elephant-shrew that is fundamental to evaluating its
recognition as vulnerable in the IUCN Red List (2004 IUCN
Red List; http://www.iucnredlist.org). Clearly, given the
difficulties associated with morphological identification,





significantly to the development of accurate identification
schemes for this species and, importantly from a conserva-
tion perspective, to a more accurate definition of the
geographical limits of this local endemic. Consequently
our aims were twofold. First, to investigate the phylogeo-
graphical population structure of the Cape rock elephant-
shrew across its geographical range as this would provide
Fig. 1 Map of Africa (redrawn from Skinner & Chimimba 2005) showing the disjunct distribution previously proposed for the South
African endemic Elephantulus edwardii (a). Further sampling reported herein (see also Skinner & Chimimba 2005) shows a continuous
distribution for this species stretching from Namaqualand in the Western Cape to Port Elizabeth in the Eastern Cape of South Africa (taken
& redrawn from Friedmann & Daly 2004; previously proposed disjunct distribution indicated in red) (b); Map positions of the 28 E. edwardii
sampling localities (vegetation zones taken from Low & Rebelo 1996). The localities are coded as follows: Williston{a} and Beaufort-West{b}
taxa (blue triangles), E. edwardii sensu stricto northern Namaqua (red squares) and the central Fynbos clades (northwestern; western;
southern and eastern lineages, green circles). The geographical position of the Knersvlakte region in the northwestern Cape is roughly




H .  A .  S M I T ,  T .  J .  R O B I N S O N  and B .  J .  V A N  V U U R E N
 
© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd
 
a fundamental link between population processes and
regional patterns of diversity and biogeography. Among
others, we applied a maximum likelihood (ML) and Bayesian
coalescent approach to our data. Specifically, coalescent
methods challenge the traditional practice of phylogeography
in that they separate the effects of historical vicariance,
isolation and ancestral polymorphism (incomplete lineage
sorting) from migration (processes of gene flow) through
the simultaneous estimation of population parameters
such as migration rate, time of population divergence and
time to most common recent ancestor (Nielsen & Wakeley
2001). This study underlines the advantages of this method
by showing the impacts of historical vicariance, ancestral
polymorphism and restricted gene flow in shaping the





tion, a novel interpolation-based graphical method (Alleles
in Space, AIS; Miller 2005) is employed to provide a visual
perspective of the spatial and temporal distribution of
genetic structure over landscapes. Secondly, we attempt to
place the genetic structure discovered in this species in the
context of past landscape changes that involve geographical
and climatological vicariance events in South Africa. We
also search for congruence in the patterns documented for
other rock-dwelling vertebrates with distributions that span





















 samples were collected from 28
localities across the species’ range (see Fig. 1c). In addition
to freshly collected tissue, museum specimens were used
to augment our geographical coverage. In total 106
specimens (Table 1) were sequenced, which comprised 64
specimens housed in South African museums (the oldest
of which dated to 1904; see supplementary Table 1). To





 specimens, barcoding was done by









 specimens trapped well outside of the possible
overlapping distribution areas (Table 2). Further, to inves-




 as a single species or complex
of hitherto undescribed species, we sequenced tissue









 (TM 688, Roberts









 is given as Klawer, Van





 is Deelfontein, north of Richmond in the
central Karoo of South Africa (31.20S 23.85E).
 
DNA extraction and sequencing
 
Total genomic DNA was extracted from fresh tissue using
a standard Proteinase K digestion followed by a phenol/




. 1982). To minimize
destructive sampling to specimens housed in museum
collections, dried tissue was preferentially taken from
within the skull cavity using sterile forceps. DNA from
museum specimens was extracted using a commercial
kit (DNeasy Tissue Kit, Qiagen). The authenticity of
this material was routinely confirmed in that extraction
and PCR blanks were invariably negative, sequences were
verified from at least two independent DNA extractions
with a minimum of two independent PCR amplifications,
and PCR amplicons from the same specimen always
produced identical sequence.
Two mitochondrial DNA (mtDNA) segments were
chosen. First, we amplified and sequenced a large portion




 gene (1052 bp).




 side of the
hypervariable control region. In addition to the use of uni-













. 1994), and critical to the present
investigation, elephant-shrew specific primers were de-
signed for both segments to allow for the amplification of
degraded museum material. PCR amplification followed
standard procedures. Given that PCR inhibitors are often
present in museum extractions, successful amplification of










were carried out in a GeneAmp PCR 2700 system (Perkin-
Elmer) with a thermal profile involving an initial denatur-

















C for 60 s. When amplifying













C for the control
region fragment.
Sequencing reactions were performed using BigDye
chemistry (version 3; Applied Biosystems). Sequencing
cocktails were cleaned using Centrisep spin columns
(Princeton Separations) and the products were analysed
on a 3100 AB (Applied Biosystems) automated sequencer.
Electropherograms of the raw data were manually checked





(Applied Biosystems). Sequences were submitted to GEN-











, genealogical relationships were constructed by





2001) (1000 nonparametric bootstrap replicates estimated
clade support), together with a Bayesian inference
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 3.0 (Huelsenbeck & Ronquist 2001). The model of





; Posada & Crandall 2001) was GTR + I
(0.308) + G (1.076) with the base composition of A =
31.62%, C = 29.47%, G = 9.78% and T = 29.13%. Phylogenetic
analyses included representative sequences of the seven











































Spatial structure within E. edwardii. 
 
We explored the spatial
distribution of mitochondrial variation within the Cape




























 provides an objective means to maximize the
proportion of total genetic variance due to differences










(1000 randomizations) were used to provide significance
tests for these statistics under the null hypothesis of
panmixia. Further, we used Monmonier’s algorithm
Table 1 The number of Elephantulus edwardii specimens included for each of the sampling localities. We include their affinity to the three
different clades as well as finer scale structure within the central Fynbos clade. The source of the material is presented




data set Source material
Karoo Beaufort-West 5 5 5 Museum specimen, Transvaal Museum
Williston 2 2 2 Museum specimen, Transvaal Museum
Northern Prieska 1 1 1 Museum specimen, Transvaal Museum
Namaqua Melkboom, Namaqua 1 1 1 Soft tissue
National Park
Kamieskroon 1 1 1 Soft tissue
Calvinia 1 1 1 Museum specimen, Transvaal Museum
Nieuwoudtville 6 6 6 Soft tissue
Klawer, Van Rhynsdorp 1 1 1 Museum specimen, Transvaal Museum
Central Northwestern Calvinia 1 1 1 Museum specimen, Transvaal Museum
Fynbos Klawer, Van Rhynsdorp 3 5 3 Museum specimen, Transvaal Museum
Travellers Rest, Clanwilliam 7 10 7 Soft tissue
Cederberg Wildernis 4 4 4 Soft tissue
Area, Algeria
Cederberg Wildernis Area, 0 1 0 Museum specimen, Iziko Museum
Matjiesrivier
Victoria-West 1 1 1 Soft tissue
Western Vredenburg 1 1 1 Museum specimen, Transvaal Museum
Hopefield 3 4 3 Museum specimen, Transvaal Museum
West Coast National Park 1 1 1 Soft tissue
Elandsberg, Wellington 4 4 4 Soft tissue
Paarl 1 1 1 Museum specimen, Natal Museum
Strand 3 3 3 Museum specimen, Transvaal Museum
Southern Mizpah, Grabouw 2 4 2 Soft tissue
Jonaskop, Villiersdorp 3 3 3 Soft tissue
Fairfield, Napier 7 7 7 Soft tissue
Eastern Gamkaberg, Calitzdorp 4 5 4 Museum specimen, Iziko Museum
Besemfontein, Ladismith 4 6 3 Museum specimen, Iziko Museum
Cherrydouw, Oudsthoorn 6 8 6 Museum specimen, Iziko Museum
Doringrivier, Oudsthoorn 5 5 5 Museum specimen, Iziko Museum
Ou Tol, Oudsthoorn 1 2 1 Museum specimen, Cape Nature
Mossel Bay 3 3 3 Museum specimen, Transvaal Museum
Uniondale 7 7 7 Museum specimen, Transvaal Museum
Outeniqua, Natures Valley 0 2 0 Museum specimen, Iziko Museum
Total no. 89 106 88
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(implemented in AIS; Miller 2005) to search for barriers
to gene flow where the greatest genetic distance between
any two locations forms the initial barrier segment. An
interpolation-based graphical procedure was used to
detect genetic structure over landscapes. We used the
default settings of ‘
 







 with a weight
value of 1.0 as the visual spatial approach.




. 1992) than tree-based criteria to trace finer-scale
population structure through space and time (Bermingham




. 2000; Posada & Crandall
2001). To investigate the level of connectedness between
haplotypes, we constructed an unrooted neighbour joining




 4 (Huson & Bryant 2006).
To test the validity of the evolutionary patterns imposed,
we followed a ML and Bayesian coalescent based approach














 (Nielsen 2002), estimates population
divergence time and has the advantage of separating
secondary contact/gene flow from the confounding effects
of ancestral polymorphism (see Nielsen & Wakely 2001).













gence time) and TMRCA (time to the most recent ancestor)








 generations set on
the finite-sites model with upper bounds of 10 migrants












 were plotted after multiple runs to confirm the
best estimate of posterior distribution. Credibility intervals
(95%) were calculated for each parameter.




 into a biogeography context we employed a
standard molecular clock to date the divergence times among
lineages. However, several problems may confound the use
of such a clock, leading to inaccurate estimates of divergence
times. First, we calculated both intra as well as interpopu-





(Swofford 2001). These were corrected for ancestral poly-





























)/2]. Secondly, we verified
that our data evolved in a clock-like manner. This was done
by comparing unconstraint ML trees (including branch
lengths) with trees (including branch lengths) where a
molecular clock was enforced. All ML searches were per-
formed under the optimal model of evolution as determined
by 
 
modeltest (TrN + I (0.8649) + G (0.6032). Trees were com-
pared using the Shimodaira-Hasegawa (SH) test in paup*.
The presence of clinal genetic structure, known as
isolation-by distance, was evaluated using the regression
of (FST/1 – FST on the logarithm of geographical distance
(Rousset 1997) implemented in the Mantel test (Manly
1991). Geographical distances were determined ‘as the crow
flies’, i.e. we estimated the shortest and most direct route
between populations rather than along mountain ranges.
We also included an ‘isolation by resistance’ approach
and determined the values of conductance (analogous to
migration) and resistance (reciprocal of conductance) in
circuitscape (Mcrae 2006).
Table 2 The number of elephant-shrew specimens analysed for each of the southern African species. Sampling localities with geographical
coordinates are also shown
Species Locality Province Country Grid ref.
No. of 
specimens
M. proboscideus Steytlerville Eastern Cape South Africa 33.30S 24.30E 2
Goegap Nature Reserve, Springbok Northern Cape South Africa 29.22S 17.50E 2
Paulshoek, Kamieskroon Northern Cape South Africa 30.38S 18.28E 1
Tankwa Karoo National Park Western Cape South Africa 32.02S 20.05E 1
P. tetradactylus Bonamanzi Game Park KwaZulu-Natal South Africa 28.00S 31.10E 1
E. brachyrhynchus Spitskop Nature Reserve Mpumalanga South Africa 24.82S 30.12E 2
Kgaswane Reserve Northwest South Africa 25.70S 27.18E 1
E. intufi Molopo Nature Reserve Northern Cape South Africa 25.78S 22.90E 1
Northern Namibia (Otjiwarongo) Namibia 21.58S 16.93E 2
Southern Namibia Namibia 26.38S 17.98E 2
E. rupestris Melkboom, Namaqua National Park Northern Cape South Africa 29.42S 17.55E 2
Paulshoek, Kamieskroon Northern Cape South Africa 30.38S 18.28E 2
Windhoek Namibia 23.80S 17.10E 1
Goegap Nature Reserve, Springbok Northern Cape South Africa 29.22S 17.50E 2
Oudsthoorn Western Cape South Africa 33.30S 22.20E 1
E. myurus Spitskop Nature Reserve Mpumalanga South Africa 24.82S 30.12E 2
Hopetown Northern Cape South Africa 29.50S 24.13E 1
Vryburg Northwest South Africa 27.00S 24.71E 2
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Results
For ease of representation and discussion we present
here the results obtained from the combined data set
(unless otherwise indicated), as the results from the two fast
evolving mitochondrial fragments were largely congruent
irrespective of whether the DNA fragments were con-
sidered singly or in combination. In total, our data set
comprised 1389 characters (1052 bp of cytochrome b gene
and 337 bp of 5′ side of the control region).
Verification of species status
The monophyly of three species within the genera
Elephantulus with overlapping distribution ranges was
confirmed using a subset of specimens selected to en-
compass the genetic variation with Elephantulus edwardii
(six specimens), E. rupestris (eight specimens) and Macro-
scelides proboscideus (seven specimens; see Table 2). Our
analyses revealed no shared haplotypes between them.
The average uncorrected sequence divergence for the
combined mtDNA data separating M. proboscideus and
E. rupestris was 21.3% and 19.3% between E. rupestris and
E. edwardii. Elephantulus edwardii and M. proboscideus was
separated by 24.3%. Divergences among species were an
order of magnitude higher than within species. The average
sequence divergence separating specimens within M.
proboscideus is 1.5% (0.53–2.5%), 0.9% between E. rupestris
specimens (0.22–1.5%) and 1.5% between E. edwardii
specimens (0.23–3.18%).
Sequencing of the 5′ end of the control region of the
E. karoensis and E. capensis type specimens (currently
synonimized with E. edwardii) identified E. capensis as
falling within E. edwardii which is consistent with the
synonomy proposed by Meester et al. (1986). However,
in contrast to the current taxonomy, the E. karoensis type
specimen grouped within E. rupestris (Fig. 2; see supple-
mentary Fig. 1 for control region alignment). The apparent
misidentification of the E. karoensis type was subsequently
confirmed by an examination of morphological and dental
characters which suggest that the classification of Roberts
(1938: 234) was misled by the specimen’s subadult pelage.
Although the two lingual cusps on the premolar P2 are poorly
developed in this subadult, and therefore more closely
resemble the dentition of E. edwardii, the specimen showed
a lingual cusp on the first upper premolar (P1) which is
diagnostic of E. rupestris. In addition, the pointed rather than
rounded shape of the ears and the tuft length at the tail tip
of this specimen similarly reflects its affinity to E. rupestris.
The Karoo clade
The sequencing of seven of the 64 E. edwardii museum
specimens drawn from the central Karoo localities of
Williston (30.25S 20.80E) and Beaufort-West (32.40S
22.60E; Fig. 1c) questioned the species affiliations of these
specimens. The mean sequence divergence for specimens
from these two localities differ from the major E. edwardii
clade by 12.1% (11.9–12.2%) in the case of the former, and
by 11.5% (11.3–11.8%) in the latter. These values are
an order of magnitude, or higher, than the intraspecific
divergences detected within the species E. edwardii (1.5%)
and the taxa from Beaufort-West (0.4%) and Williston
(0.5%). The five Beaufort-West specimens differ by 7.4%
from the two Williston specimens. We interpret these data
as reflecting the presence of one, or possibly two distinct and
hitherto undescribed taxa (species?) from the Beaufort-
West and Williston areas of the South African central Karoo.
Both lineages are monophyletic and sister to E. edwardii
Fig. 2 Bayesian tree (with branch lengths) based on the combined
cytochrome b and control region showing the phylogenetic
position of the different elephant-shrew species including the
distinct Karoo clade represented by the localities of Beaufort-
West and Williston. The tree is rooted with members of the
Afroinsectiphillia. Values above the nodes infer BI posterior
probabilities from a 20-million generation run and values below
the nodes represent nonparametric bootstrap support for MP (top)
and ML (bottom) for 1000 replicates. The phylogenetic position of
the type specimens for the previously recognized (but currently
subsumed) Elephantulus karoensis (TM688) and E. capensis
(TM2312) is indicated.
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sensu stricto clearly indicating a close evolutionary relation-
ship to this strictly South African endemic (Fig. 2). Moreover,
the Williston and Beaufort-West taxa are phylogenetically
distant from the co-occurring and phenotypically similar
E. rupestris or M. proboscideus.
Phylogeography: E. edwardii sensu stricto
To investigate both the deeper as well as more recent
patterns of genetic divergence within E. edwardii sensu stricto,
we reanalysed our data excluding the seven divergent
Karoo specimens from Beaufort-West and Williston dis-
cussed above (see Fig. 1c). Our combined data set included
81 specimens from 26 localities across the range of E.
edwardii for which we had comparable cytochrome b and
control region data (see Table 1). Our analysis identified
60 haplotypes of which 11 were shared; the remaining
49 haplotypes were private/unique.
When considering sampling localities as populations,
amova resulted in a highly significant ΦST value (0.834;
P < 0.001) indicating substructure in our data. The spatial
distribution of variation was maximized when two
evolutionary lineages were selected (ΦCT = 0.704; P < 0.001;
see Fig. 1c for lineages). These lineages represent a
northern Namaqua clade (Prieska; Namaqua National Park;
Kamieskroon; Calvinia; Van Rhynsdorp; Nieuwoudtville),
and a central Fynbos clade. The unrooted neighbour
joining network (Fig. 3a) similarly shows these two
clades where a remarkable 26 nucleotide differences (and
100% parsimony and ML bootstrap support) separate
them. Additionally, no shared haplotypes were detected
between these clades. However, northern Namaqua and
central Fynbos haplotypes were found in sympatry at
two localities (Calvinia and Van Rhynsdorp; see Fig. 1c)
situated on the border between these two groups. The
average sequence divergence that separates the northern
clade from the remaining central clade is 1.97% (corrected
for ancestral polymorphism; see Table 3).
Within the central Fynbos clade, a further four lineages
is evident (Fig. 3a). Although not as pronounced as the
northern Namaqua and central Fynbos clades, an average
of 0.55% sequence divergence (corrected for ancestral
polymorphism; see Table 3) separated them. samova,
excluding the northern Namaqua clade, confirmed these
distinct lineages with ΦCT being maximized for four groups
(ΦCT = 0.580; P < 0.001): a northwestern (Calvinia; Van
Rhynsdorp; Clanwilliam; Cederberg; Victoria-West),
western (Vredenburg; Hopefield; West Coast National
Park; Wellington; Paarl; Strand), southern (Grabouw;
Villiersdorp; Napier) and eastern (Calitzdorp; Ladismith;
Oudsthoorn; Mossel Bay; Uniondale) group.
The graphical representation of our results, as found
with AIS (Miller 2005), is presented in Fig. 3(b). The presence
of the five lineages is illustrated over the landscape
inhabited by E. edwardii with the northern Namaqua clade
corresponding to the left (most divergent) peak. A north/
south division was the first barrier segment to be identified
with Monmonier’s algorithm, which represents the
fragmentation between the northern Namaqua and central
Fynbos clades (M. P. Miller, personal communication).
The Mantel test indicated no isolation by distance
between the northern Namaqua and central Fynbos clades
(P < 0.001). This would imply that the separation between
these clades might be due to fragmentation and vicariance,
a finding supported by nested clade analyses (Templeton
1998; Posada et al. 2000; supplementary Fig. 2 and supple-
mentary Table 2). However, isolation by distance con-
tributed to the separation of the four lineages within the
central Fynbos clade (P < 0.05). The evaluation and use of
resistance/conductance values from the ‘isolation by
resistance’ analysis amongst the five evolutionary line-
ages corroborated the above findings and confirmed
the northern Namaqua clade as being genetically most
divergent. On average, the values between this northern
clade and the central Fynbos clade (resistance = 0.417;
conductance = 2.401) suggested higher resistance and
lower conductance compared to those calculated between
the four lineages within the latter (resistance = 0.203;
conductance = 5.226).
Molecular clock and coalescent approach
For the application of a molecular clock, we corrected
our pairwise differences for ancestral polymorphism
(see Table 3). On average, correcting for ancestral poly-
morphism reduced sequence divergences by 0.35%. We
Northern
Central




Southern 1.88 0.52 0.75
Eastern 2.08 0.52 0.28 0.88
Table 3 The average uncorrected P dis-
tances (given as percentages) for 1389 bp
corrected for ancestral polymorphism
between the five evolutionary lineages (see
Fig. 1) detected in Elephantulus edwardii
sensu stricto
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also verified that our data evolved in a clock-like manner.
The null hypothesis of a constant evolutionary rate across
lineages could not be rejected (P = 0.182; likelihood score
of 2902.524 for the unconstrained (best) tree and 2915.105
for the clock-enforced tree). In further support of our
application of a molecular clock, congruent time estimates
were obtained with two independent methods; a relaxed
Bayesian molecular clock and the mdiv Bayesian coale-
scent approach (see below).
Douady et al. (2003) estimated the divergence between
M. proboscideus and E. edwardii at 21.3 ± 3.3 million years
ago (Ma) using both mitochondrial and nuclear data. Their
divergence time was estimated with a relaxed Bayesian
molecular clock employing the paenungulate divergence
dates determined by Springer et al. (2003). Applying their
divergence time to the average sequence divergence
estimate in our study separating M. proboscideus and
E. edwardii (24.3% corrected for ancestral polymorphism),
we estimate a rate of evolution of 1.14 ± 0.18% per million
years (24.3%/21.3 Ma) in elephant-shrews. These values
placed the separation of the northern Namaqua and central
Fynbos groups at 1.73 Ma (range 1.4–2.0 Ma) (the mutation
rate was estimated at 1.14 ± 0.18% per million years and the
average uncorrected sequence divergence (corrected for
ancestral polymorphism) separating lineages was 1.97%).
Coalescent analyses were restricted to a population
comparison of the northern Namaqua clade (n = 11) and
its geographically neighbouring lineage within the central
Fynbos clade, the northwestern group (n = 16). Estimated
values and 95% credibility intervals are θ = 12.38 (6.29–
28.05), M = 0.04 (0.00–1.52) and T = 2.16. Low migration
rates in combination with the retention of ancestral
polymorphism would indicate a past fragmentation event
(also found with nested clade analyses; data not shown).
Fig. 3 The five depicted evolutionary lineages are circle coded, representative of the northern Namaqua (solid thick grey), northwestern
(dashed black), western (solid black), southern (square dotted black) and eastern (dash dotted black) Fynbos lineages on the geographical
map. The mitochondrial neighbour joining network shows the northern Namaqua clade connected to the central Fynbos clade with 26
mutational steps. Mutational step separation was on average two steps between the four lineages within the central Fynbos clade (a). A
graphical interpolation-based representation of the genetic structure over the distribution of Elephantulus edwardii (b).
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The T-value was converted into a population divergence
time of 1.69 Ma using a mutation rate of 1.14% per million
years (or a substitution rate of 1.58 × 10–5 per site per year)
and a generation time of one year. This estimate is consistent
with that of our molecular clock. The estimated value of
genealogical divergence TMRCA = 3.08 from the most
recent common ancestor resulted in a divergence time of
2.41 Ma, about 0.7 Ma before the population divergence.
Discussion
The 15 recognized species of elephant-shrews (order Macro-
scelidea) are grouped within four genera (Rhynchocyon,
Elephantulus, Macroscelides and Petrodromus), all of which
are endemic to sub-Saharan Africa (Perrin 1997; Douady
et al. 2003; Skinner & Chimimba 2005). The only exception
to this strict sub-Saharan endemicity involves the intrusion
of a single Elephantulus species, E. rozeti, into northern
Africa. Of the genera, Elephantulus is the most species-rich
comprising 10 taxa of which six occur within southern
Africa (E. brachyrhynchus, E. fuscus, E. intufi, E. rupestris,
E. myurus and E. edwardii).
Verification of the species status
The three elephant-shrew species that have overlapping
distributions in the southern and western regions of South
Africa (E. edwardii, E. rupestris and M. proboscideus) are
morphologically very similar. Although M. proboscideus
(this species prefers grassy plains to rocky outcrops) is
ecologically separated from E. edwardii and E. rupestris
(which prefer rocky outcrops) on habitat, the two rock
elephant-shrew species are virtually impossible to
distinguish in the field. Our molecular sequence data
unequivocally confirmed the status of these three species.
Sequence divergences (cytochrome b) separating species
range from 19.7% between E. rupestris and E. edwardii, to
24.7% between M. proboscideus and E. edwardii. Although
sequence data used in isolation are not good indicators of
species status, it should be noted that the values separating
these elephant-shrew species fall in the upper range when
viewed comparatively in mammals (see Johns & Avise
1998 for a summary of divergences separating species;
Bradley & Baker 2001; Colangelo et al. 2005; for specific
examples). Perhaps more importantly, no haplotypes are
shared amongst these three species, and they form distinct
monophyletic groups (Fig. 2).
Phylogeography
Life history characters determine the spatial distribution
of genetic variation in species. Pertinent factors with re-
spect to the Cape rock elephant-shrew include that it
is monogamous, territorial and strictly confined to rocky
habitat (Skinner & Chimimba 2005). Given these traits, one
would intuitively expect significant population substruc-
ture — a characteristic confirmed by our spatial analysis
of genetic variation. In summary, our analyses provided
evidence of three distinct E. edwardii clades discussed more
fully below.
The Karoo clade — evidence in support of an undescribed species.
Seven museum specimens from two localities in the central
Karoo of South Africa (Beaufort-West and Williston)
consistently grouped separately from the remainder of the
E. edwardii specimens (see Fig. 2). Animals from these two
localities are, on average, separated by 12.2% uncorrected
cytochrome b sequence divergence from E. edwardii sensu
stricto. Based on other mammalian species (see Johns &
Avise 1998; Bradley & Baker 2001; Colangelo et al. 2005)
these values suggest genetic distinctiveness for these
specimens. Their cytochrome b and control region haplo-
types are unique from those of other elephant-shrews
with overlapping ranges (E. edwardii, E. rupestris and
M. proboscideus) and show closest evolutionary affinity to
E. edwardii. Our cursory analysis of phenotypic and dental
characteristics suggest no notable differences in terms of
the latter, but several phenotypic characters (e.g. tuft
length on tail; ventral and dorsal pelage and flank colour;
colour and shape of eye ring) hold promise for distin-
guishing these specimens from elephant-shrew species
with overlapping distributions. However, given that these
unique lineages have currently been detected at only two
localities (Beaufort-West and Williston), more com-
prehensive sampling is required to accurately determine
the geographical extent and phenotypic plasticity of this
apparently unique elephant-shrew assemblage.
The northern Namaqua clade. The most distinct lineages
within the Cape rock elephant-shrew (E. edwardii sensu
stricto) were derived from specimens collected at the
Namaqua National Park, Kamieskroon, Prieska, Calvinia,
Nieuwoudtville and Van Rhynsdorp (see Fig. 1c), all of
which occur along the Atlantic seaboard close to the South
African/Namibian border. Although this group is repre-
sented by only 11 E. edwardii specimens, the number
of mutational steps (26) separating this lineage from the
other clades to the south far exceeds those between other
lineages. The southern limit of this group coincides with
the so-called ‘Knersvlakte’ region (see Fig. 1c) in the
northwestern Cape of South Africa, which is thought to be
coincidental with the limits of upliftment of the great
western escarpment that occurred approximately 18 Ma
(Moon & Dardis 1988).
Importantly, congruent isolated genetic assemblages
were similarly described for other rock-dwelling species
that have distributions that span this region. These include
the red rock rabbit Pronolagus rupestris (Matthee & Robinson
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1996), the rock agama Agama atra (Matthee & Flemming
2002), as well as the Goggia and Pachydactylus gecko genera
(Branch et al. 1995, 1996; Bauer et al. 1997; Bauer 1999;
Lamb & Bauer 2000). We argue that past fragmentation
occurring approximately 1.7 Ma is largely responsible
for separating the Namaqua (northern) lineage from the
remainder of the central Fynbos Cape rock elephant-shrew
populations. The sympatric presence of northern and
northwestern haplotypes at two sampling localities in the
vicinity of the Knersvlakte (Calvinia and Van Rhynsdorp)
can best be ascribed to one of two possible scenarios. First,
incomplete lineage sorting (ancestral polymorphism) is
responsible for the observed pattern, or second, that the
populations were formerly geographically isolated/
fragmented (with a possibility of intermediate haplotypes
becoming extinct) and after subsequent range expansions
a secondary contact zone formed. In both described
cases the absence of gene flow and/or shared haplotypes
between these suggests reproductive isolation (speciation)
which should be verified through additional studies
including mating experiments and hybrid fertility testing.
Various topographical and climatic events might have
either singly, or in concert, caused the isolation and/or
local extinction of taxa confined to rocky habitat in this
region. We further speculate that the isolation would have
been repeatedly enforced through multiple events. First, at
roughly 2 Ma (Linder 2003 and references therein) a series
of Pleistocene marine transgressions inundated the
western coastal plains with rises in sea-levels of between 45
and 50 m, 75–90 m and 27 m, respectively (Hendey 1970a,
b). Second, changes in river-flow patterns could also have
served as isolating mechanisms. For example, in this
region the proto-Berg River or Langebaanweg River, which
were the precursors of the present Great Berg River, changed
course during the 45–50 m marine transgression (Hendey
1970a, b). Third, Deacon & Lancaster (1988) argued that
climate changes during the past 3 million years were
particularly harsh on the western side of the continent
resulting in temperature fluctuations and associated wet–
dry cycles (Brain & Meester 1964; Brain 1985; Van Zinderen
Bakker & Mercer 1986; Lindesay 1988a, b). Lastly, recent
Kalahari sandflows occurred from the north to the south,
which would have acted as a physical barrier separating
populations (Deacon & Lancaster 1988; Haacke 1989;
Lancaster 1989). Noteworthy evolutionary changes in
other vertebrates and African hominids similarly occurred
at ~1.7 Ma, coincident with one of three estimated major
peaks of aridification in Africa in the Plio-Pleistocene
epoch (deMenocal 1995). In addition, Matthee & Flemming
(2002) placed the phylogeographical discontinuity between
the Agama atra clades across the Knersvlakte at roughly
this time (2.2–4.4 Ma), which is consistent with the diver-
gence of the northern and central haplotyopes from their
common ancestor (2.41 Ma).
The central Fynbos clade. The habitat across the distribution
of E. edwardii is certainly not homogeneous. The areas
occupied by the northern Namaqua group can best be
described as terrestrial islands (marginal habitat sensu
Prinsloo & Robinson 1992) surrounded by hostile plains
(Moon & Dardis 1988). In comparison, the central clade is
found within the relative safety of the Cape Fold Mountains
(CFM) with cover provided by fynbos vegetation. The
CFM is the major topological component of the renowned
Cape Floristic Kingdom found at the southern tip of Africa,
with the high degree of diversity and endemism in this
region being credited to environmental fluctuations from
the Pliocene and Pleistocene epochs (Midgley et al. 2001;
Linder 2003). Elephantulus edwardii is important in the
ecology of the Cape Floristic Kingdom, where the species
plays a major role in the pollination of Protea species
(Fleming & Nicolson 2003).
It is noteworthy that the phylogeographical trends
described for the rock agama, Agama atra, in the Cape Fold
Belt (Swart 2006), sharing the habitat requirements and
overlapping in distribution with E. edwardii, are largely
consistent with the divergence patterns found for the
E. edwardii central Fynbos clade. Within the central clade,
shallow genetic structure was evident with four evolutionary
lineages identified: the northwestern, western, southern
and eastern lineages. We argue that the geographical
occurrence of these four lineages broadly resembles the
climatic differences and vegetation types related to the
position of mountain ranges shaping the Cape Fold Belt.
Our analyses indicate that the shallow phylogeographical
patterns within these lineages are the result of restricted
gene flow with isolation by distance. Environmental
fluctuations within the Pleistocene epoch (2.0–0.1 Ma) are
mostly credited for these events with glacial and inter-
glacial conditions alternating at approximately 100 000 years
intervals (Lindesay 1988a, b). When applying a molecular
clock (based on corrected sequence divergences; see
Table 3), the separation between these lineages varies from
0.7 Ma years for the split between the southern and eastern
lineages, to 0.24 Ma for the separation of the western and
eastern lineages. It is striking that no shared haplotypes
exist among the four central E. edwardii lineages. Within
groups, however, haplotypes were commonly shared
between populations resulting in the absence of deep
structure.
In summary therefore, our data support the recognition
of E. edwardii as a distinct species in which we show three
major clades (Karoo, northern Namaqua and central Fynbos).
We argue for distinctiveness of the Karoo assemblage
based on genetic divergence and phenotypic characters.
The mitochondrial analyses proved useful in identifying
genetic variation, past fragmentation, and the impact of
ancestral polymorphism in shaping the genetic profiles of
the northern Namaqua and central Fynbos clades. Finally,
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this investigation underscores the importance of museum
material in phylogeographical studies and specifically in
identifying cryptic species (Good & Sullivan 2001; Godoy
et al. 2004; Rohland et al. 2004), especially in instances
where access to material is constrained by low population
densities and the conservation status of the species.
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